Background: Acid aspiration is a complication of general anesthesia. Most animal models developed to define its pathophysiology have focused on the acute (<24 h) phase of the injury. The authors describe a model of acid aspiration allowing the study of this type of lung injury over time.
ASPIRATION pneumonitis (AP) occurs as a consequence of pulmonary aspiration of the acid content of the stomach. 1 Patients with disturbed consciousness (e.g., drug overdose, seizures, cerebrovascular accident, sedation, anesthetic procedures) are at risk for this event. [2] [3] [4] [5] Specifically, it has been shown that pulmonary aspiration can complicate between 1:2,000 and 1:7,000 general anesthesia procedures, accounting for 10 -30% of all deaths associated with anesthesia. 6 The main injurious mechanisms of AP are an early injury to the alveolar epithelium associated to an acute alteration of endothelial permeability, directly caused by the low pH of the aspirated gastric secretions, and a delayed secondary phase involving neutrophilic infiltration. 7, 8 Aspiration pneumonitis substantially differs from aspiration pneumonia, the latter being an infectious process of the lung after the inhalation of colonized oropharyngeal materials. Although these must be considered as separate clinical entities, they often overlap and coexist. 1 Indeed, it has been shown that AP can enhance the pneumonic process after a bacterial infection. 9 The course of AP is extremely variable, ranging from the "silent aspiration" to the dramatic clinical picture of acute lung injury or acute respiratory distress syndrome, which carry a mortality rate as high as 40 -60%. 10 -12 In a recent prospective cohort study, more than 10% of acute lung injury cases were associated to a witnessed aspiration, 13 perioperative aspiration increasing indeed the risks of intensive care unit admission and mortality by four and eight times, respectively. 14 Given its clinical relevance, the pathophysiology of AP has been extensively investigated in animal models. Most models, however, have been focused on the acute phase of the injury, and few studies have systematically examined the evolution of acid aspiration injury and its recovery.
The purpose of this study was to characterize a nonlethal murine model of unilateral AP, from the acute phase to recovery over a 2-week time span.
Materials and Methods

Animals
Female CD-1 mice (22-28 g) were obtained from Charles River Laboratories (Lecco, Italy) and maintained under standard laboratory conditions. Procedures involving animals and their care were conducted in conformity with the institutional guidelines complying with national (D.L. n. 116, G.U., suppl. 40, 18 Febbraio 1992, Circolare n. 8, G.U., 14 Luglio 1994) and international laws and policies (EEC Council Directive 86/609, OJ L 358,1, December 12, 1987 ; Guide for the Care and Use of Laboratory Animals, US National Research Council, 1996) .
Mice were randomly assigned to one of the study groups: lung injury with instillation of 0.1 M hydrochloric acid (HCl; pH 1) or sham with lung instillation of 0.9% saline.
General Experimental Protocol
Animals were anesthetized with a 400-mg/kg intraperitoneal injection of 2.5% Avertin ® (Tribromoethanol; Sigma-Aldrich, Milan, Italy), orotracheally intubated with a 22-gauge angiocatheter, and ventilated with tidal volume of 8 -10 ml/kg, respiratory rate of 130 min Ϫ1 , positive end-expiratory pressure of 2.5 cm H 2 O, and fraction of inspired oxygen (FIO 2 ) of 1. A 26-gauge plastic cannula was then introduced into the right bronchus through a small tracheal incision. Through this cannula, 1.5 ml/kg HCl, 0.1 M (HCl group), or 0.9% saline (NaCl group) was instilled. The bronchial catheter was removed, and the tracheal incision sutured with a 7-0 Ethicon suture (Rome, Italy). During instillation and for the next 10 min of mechanical ventilation, the animals were kept in a reverse Trendelenburg position (45°) and tilted to the right side (45°) to confine the instilled fluid to the right lung. Mechanical ventilation was stopped 10 min after instillation, and the mice were extubated and placed in an oxygenated chamber (FIO 2 0.5) until full awakening.
Assessment of Injury
Animals were studied at 6 h, 12 h, 24 h, and 2 weeks after intrabronchial instillation of HCl or NaCl. Because most procedures to assess injury imply animal sacrifice, different animals were used at each time point. All of the study procedures described below were also performed in an untreated control group of mice to obtain baseline values.
Arterial Blood Gases and Myeloperoxidase Assay. After intraperitoneal injection of 2.5% Avertin ® (400 mg/kg), mice were reintubated and mechanically ventilated (tidal volume, 8 -10 ml/kg; respiratory rate, 130 min Ϫ1 ; and FIO 2 , 0.21). After opening the chest, blood was sampled (0.5 ml) from left ventricle and analyzed (0.1 ml) with an I-STAT 1 portable analyzer (Oxford Instruments S.M, Burke e Burke, Menfis Biomedica, Milan, Italy). Peripheral total leukocytes were counted in 20 l EDTA anticoagulated blood using an hemocytometer. The animals were then killed with an additional lethal dose of Avertin ® , and the lungs were removed en bloc for determination of myeloperoxidase activity. After excision, lungs were separately weighed (Europe 500 balance; Gibertini, Milan, Italy). Lung wet weight/mouse body weight ratio was used to evaluate the presence of edema after instillation of HCl or NaCl. 15 The lungs were washed with sterile saline, blotted dry, weighed, and homogenized in 0.5% hexadecyltrimethylammonium bromide in 50 mM phosphate buffer (pH ϭ 6.0; 1 ml hexadecyltrimethylammonium bromide/100 mg tissue). The homogenate was sonicated twice, frozen, and then centrifuged at 12,000g for 15 min at 4°C, and myeloperoxidase activity was assayed according to the method of Goldblum et al., 16 modified as follows: 50 l homogenate was added with 1,405 l phospate buffer, 50 mM; 30 l hydrogen peroxide, 0.03%; and 15 l O-dianisidine dihydrochloride, 16.7 mg/ml (Sigma-Aldrich, Milan, Italy). Absorbance at 460 nm was read every 15 s for 1 min.
Pressure-Volume Curve Assessment. The animals were killed with sodium pentobarbital (200 mg/kg intraperitoneal); the tracheotomy was reopened, and the trachea was cannulated with a 20-gauge angiocatheter fixed with a suture. A recruitment maneuver to 30 cm H 2 O for 30== was performed in all animals. Starting from functional residual capacity, while recording airway pressure (Gould Inc., Valley View, OH), three steps of inspiratory volumes were delivered, by a micro injection pump (CMA/100; Carnegie Medicine, Stockholm, Sweden), to a total volume of 0.9 ml. At each insufflation step, we allowed enough time to reach a stable plateau pressure. For each step, we calculated the ratio between the insufflated volume and the plateau pressure. Then the three values were averaged to obtain the static compliance of the respiratory system, which was normalized by the mouse body weight (C stat ).
Histologic Preparation and Examination. In the animals undergoing pressure-volume curve measurements, after this procedure, the abdomen was opened, the vena cava was sectioned, and the lungs were excised, weighed, and subjected to histologic procedures. For histologic examination, lungs were fixed in 4% paraformaldehyde for 24 h (at a pressure of 20 cm H 2 O for the first 30 min) and then paraffin embedded and sectioned.
To quantify lung tissue damage, 5-and 10-m transverse sections 200 m apart were obtained by cutting the lungs from apex to base and then stained with hematoxylin and eosin (Sigma-Aldrich).
The extent of fibrosis was evaluated in 10-m sections stained with Sirius red (Sigma-Aldrich) and examined under polarized light.
Histopathologic examination was performed according to a previously described scale, 17 with minimal modifications. Three complete transverse sections (cranial, middle, and caudal) of lung were examined from each animal. In each section of the injured and of the contralateral lung, the following six pathologic findings were analyzed: alveolar serofibrinous exudate with hyaline membranes formation, alveolar hemorrhage, alveolar inflammatory cells, alveolar septa thickening, parenchymal necrosis, and fibrosis. Severity and extension of each pathologic finding were scored as follows: for severity: 0 (absent), 1 (mild), 2 (moderate), 3 (marked); and for extension: 0 (absent), 1 (Ͼ0% and Յ25%), 2 (Ͼ25% and Յ50%), 3 (Ͼ50%).
A mean score for each finding for each lung was derived and expressed as the product of extent and severity. Histopathologic evaluations were performed in a blinded fashion by an experienced pathologist (E.R.).
CT Imaging. Mice were anesthetized with an intraperitoneal injection of Avertin ® (300 -400 mg/kg), placed in the prone position and spontaneously breathing on the computed tomography (CT) table for lung scanning. CT scans were acquired by means of a clinical Philips Brilliance 16-slice multislice tomography (Philips Medical Systems, Amsterdam, The Netherlands), with the following acquisition parameters: 90 kV, 53 mA; images were reconstructed with a slice thickness of 0.8 mm and with a pixel size of 0.16 mm. By means of a specifically developed software, we manually outlined, on each image, the right and left lung's profile separately. In the control mice, the mode value (around Ϫ500 Hounsfield units [HU]) and the shape of the frequency distribution of voxel density are similar to the data obtained in mice by other authors using micro-CT scanners. 18 A reader, blinded to the mice's treatment and to the time of observation, identified and outlined contiguous areas of abnormal density likely to indicate a pathologic process. The mean density (CT abn,mean ) and the amount of tissue of each of the selected areas, expressed as percentage of the whole right lung weight (CT abn,w ), were computed.
Statistical Analysis
Data are expressed as mean Ϯ SD. A level of P Ͻ 0.05 was considered significant. Two-way analysis of variance was used to evaluate the effects of treatment, time, and their interaction on the continuous variables. When statistical significance was reached, the Bonferroni post hoc test was used to compare the HCl and NaCl groups at each time point. One-way analysis of variance with the Dunnett multiple comparison test was used to compare HCl group variables at each time point with baseline values. Comparison of histologic score between groups was performed using the Mann-Whitney U test.
Statistics were performed using Graphpad Prism 4.0 for Windows (San Diego, CA).
Results
General Findings
Damage selectivity was confirmed by lung macroscopic examination and wet weight after the animals' euthanasia. Whenever the instillation involved the contralateral lung or both lungs or no visible acid injury was seen, the animal was excluded from analysis (approximately 5%).
Two-week mortality in the mice subjected to acid instillation was 24%. Death occurred mainly during the first 6 h, the first cause of death being a pneumothorax occurring a few minutes after acid instillation (during mechanical ventilation). In the NaCl group, the mortality rate was approximately 14% (not significantly different from the mortality of the HCl group). In the NaCl group, death occurred later (after 24 h) compared with the HCl group, and no signs of pneumothorax were evident.
Pulmonary Function
At 12 and 24 h, arterial oxygen tension (PaO 2 ) was significantly lower in the HCl group than in the NaCl group. After 2 weeks, PaO 2 recovered, and there was no difference between the HCl-and the NaCl-treated mice ( fig. 1A ). Arterial carbon dioxide tension (PaCO 2 ) was significantly higher in the HCl group at 6 and 12 h ( fig.  1B ).
C stat of the HCl group was significantly lower at 24 h and at 2 weeks compared with the NaCl group. At variance with gas exchange, C stat of the HCl-treated mice did not recover over time ( fig. 2 ).
Lung Injury
Global lung wet weight/mouse body weight ratio was significantly higher in HCl-treated mice at 12 and 24 h compared with NaCl-treated mice (9.4 Ϯ 0.9 vs. 6.3 Ϯ 0.6 mg/g at 12 h and 9.1 Ϯ 1.2 vs. 6.4 Ϯ 0.5 mg/g at 24 h; P Ͻ 0.05). In the acute phase, the right lung of HCl- treated mice showed a higher relative weight than that of the NaCl-treated ones, whereas in the contralateral lung, the difference between the two groups was smaller and relatively constant over time ( fig. 3 ).
Myeloperoxidase activity, a marker of neutrophilic infiltration, increased significantly in both the HCl and NaCl groups (table 1) . Six hours after HCl or NaCl administration, neutrophilic infiltration was increased both in the right and in the left lung. Although acid (and saline) was instilled into the right lung only, leukocyte trafficking was increased bilaterally, possibly indicating a decompartmentalization of the inflammatory response beyond the directly injured lung. In the NaCl group, however, myeloperoxidase activity substantially decreased toward baseline values at 12 h, whereas in the HCl group, it decreased more slowly, particularly in the right lung. The behavior of the peripheral blood leukocyte count was somehow delayed, reaching a peak in the HCl group at 12 h, going back to values not different from the NaCl group at 24 h (table 2) . Figure 4 and table 3 summarize the histologic findings for both the HCl and the NaCl group. The majority of the histopathologic changes described affected the right caudal pulmonary lobe. Six hours after HCl instillation, the dependent portion of that lobe was involved by coagulative necrosis. Diffuse acute inflammatory changes affected the adjacent vial parenchyma. In these areas, alveolar septa were expanded by capillary congestion and hemorrhage with sparse neutrophilic infiltration and protein-rich edema. Moderate amounts of intraalveolar serofibrinous exudation with scattered neutrophils and ex-travasated erythrocytes were also evident. At this stage, no pathologic changes were observed in the contralateral lung. Twelve hours after HCl instillation, a greater extent of bronchioalveolar serofibrinous exudation with hyaline membrane formation, a larger amount of intraalveolar and interstitial neutrophilic infiltration, and hemorrhage were noticed. Compared with 12-h lesions, 24 h after HCl instillation, a drastic increase in serofibrinous exudation, hyaline membrane formation, and bronchioalveolar infiltration of leukocytes (mostly neutrophils and foamy macrophages) and erythrocytes were observed. A widened perinecrotic hemorrhagic rim associated with prominent histioneutrophilic infiltration, cellular debris accumulation, and blood vessel thrombosis and vasculitis was also recorded. At 12 and 24 h, minimal inflammatory changes were observed in the contralateral lung. Two weeks after instillation, the right caudal pulmonary lobe had marked chronic inflammatory and fibrosing processes with profound loss of normal parenchymal architecture. In the affected area, alveolar spaces were obliterated by abundant deposition of collagen fibers with interspersed fibroblasts, newly formed blood capillaries, hemosiderin-laden macrophages, and fewer 
Histologic Findings
Discussion
This study describes a low-mortality murine model of HCl-induced lung injury. We used a selective injury model not only for the high reproducibility of the damage, but also because it allowed the survival of most animals with substantial recovery at 2 weeks. However, the evolution of injury did not achieve complete resolution; rather, the mice showed a persisting impairment of respiratory compliance and evidence of lung fibrosis. The animal mortality for unilateral acid instillation was low (less than 25%), not significantly different from saline controls, and comparable with previous studies. 19 Our model of acid aspiration recapitulated a mild form of acute lung injury characterized by a progressive deterioration of functional lung properties over the first 24 h. In the first 12 h, a major disruption of the normal structure and function of the lung became evident: Oxygenation and compliance decreased and right lung weight increased when compared with the NaCl-treated mice. At 24 h from injury, none of these alterations had recovered, some getting even worse. In contrast with our results, previous studies reported the greatest alteration of the alveolar capillary membrane permeability in earlier phases 7,20 -22 ; the selective injection of HCl (affecting mainly one of the four lobes of the right lung) might explain this difference. Moreover, some studies of bilateral acid injury suggest that after an initial derangement in lung function, within 4 -6 h, there is a second phase of injury around 24 h, at which time cellular influx is maximal and alveolar protein-rich fluid increases again. 23, 24 As expected, despite a similar instilled volume, the lung weight of the HCl-treated mice was higher than that of the NaCl-treated mice, with a more pronounced impairment in gas exchange and more evident CT scan alterations; this gives evidence of a permeability damage promoted by HCl rather than a simple volume overload. The CT scan images revealed high-density areas predominantly located in the posterior dependent regions of the lung, where the acid was instilled in supine-lying animals. Therefore, although gas exchange in supine animals reflects the severity and extent of lung injury, it does not necessarily represent the actual gas exchange during spontaneous breathing in prone position. 25 This may contribute to explain the relatively low mortality rate of our model.
Hallmarks of an ongoing inflammatory process were already detectable at 6 h. Indeed, a distinct characteristic of acid induced lung injury is neutrophilic infiltration of the lungs. 8,24,26 -28 We confirmed that unilateral acid instillation produces an important neutrophilic infiltration (shown by myeloperoxidase activity in lung tissue and by histologic analysis) both in the injured and in the noninjured lung. The neutrophilic infiltration starts early (at 6 h, and probably before) and persists until 12 h, in keeping with previous studies. 29 -31 At 24 h, neutrophilic infiltration was decreased, involving the acid injured lung only.
In agreement with what has been reported, 20,27,31 we found an increase in leukocyte count in the first 12 h, suggesting a systemic response to the focal inflammatory process. Our study confirms that a focal injury often results in infiltration of neutrophils in distant 72 Ϯ 19 (9)* 74 Ϯ 37 (9)* 55 Ϯ 18 (7) 45.5 Ϯ 16 (7) 24 45 Ϯ 21 (7) 27 Ϯ 11 (7) 28 Ϯ 8 (7) 27 Ϯ 9 (76) Data are shown as mean Ϯ SD, in units/g wet weight, for mice treated with endobronchial hydrochloric acid (HCl) and saline (NaCl). Numbers in parentheses refer to the number of experiments.
* P Ͻ 0.05 vs. baseline. No significant differences between HCl-and NaCl-treated animals was observed. sites. 27, 29, 32, 33 The increase in myeloperoxidase activity in the contralateral lung could be attributed to circulating mediators release from the site of injury. 29, 32 In addition, in the injured lung, myeloperoxidase activity at 6 h did not differ between the HCl and NaCl groups, as reported in other studies, 21, 29 whereas its kinetic in the following period did. In fact, neutrophilic infiltration progressively decreased in the NaCl group, whereas it remained relatively constant in the HCl group. Therefore, our data showed that a relatively large volume of fluid instilled intrabronchially may cause a relevant activation of inflammatory cells that is characterized by a short-term kinetic (particularly in the noninstilled lung) as in the NaCl-treated group. The same volume but with a low pH (Ͻ1.5) is responsible for a prolonged neutrophilic lung infiltration.
Hydrochloric acid instillation is known to damage the alveolar epithelium by an early direct chemical burn and by a delayed inflammatory process. 7, 8, 28 Coagulative necrotic processes developed early after HCl instillation (already present in their maximal extension 6 h after the HCl instillation) and held steady until the 24-h stage. At 6 h after HCl instillation, inflammatory changes were moderate and confined to the perinecrotic area in the caudal right lobe. Later (at 12 and 24 h after HCl instillation), alveolar exudation with hyaline membrane formation and hemorrhage gradually progressed in extension and severity, involving also the medium and the upper right lobes.
The occasional findings of bronchioalveolar suppuration observed in the right lung at 6, 12, and 24 h in the NaCl group could be attributable to early septic complication that took place during right principal bronchus catheterization and NaCl instillation. This finding, which might contribute to explain the mortality rate of the NaCl group, was never detected in HCl-treated mice. A possible explanation for this difference between NaCl and HCl groups is that instilled HCl solution suddenly kills contaminant bacteria and does not allow them to survive and reach the bronchioalveolar junction. Furthermore, it is widely documented that during AP, the low pH of acid gastric content plays a fundamental role in preventing septic complication. 1 After the first acute exudative phases characterized by the respiratory epithelium damage (particularly of alveolar type I cells), we described a late fibroproliferative phase with activation and proliferation of type II cells to restore the epithelium after injury. Is well known that when the repair process is impaired, it results in the activation and migration of mesenchymal precursor cells (reactive fibroblasts, myofibroblasts, and angioblasts) into the alveolar space with organized granulation tissue formation and progressive fibrosis (fibrosis by accretion). 19, 34, 35 This process is likely to occur in our model as well; histologic specimens showed injured areas with persistent loss of normal alveolar architecture due to marked fibroplasia and intense collagen deposition 2 weeks after the initial injury. Moreover, at this time point, the animals in the HCl group showed features compatible with a fibrotic evolution of the initial inflammatory process: C stat was reduced, but with a reduction of the right lung wet weight. The presence of a fibrotic scar could finally be confirmed on the CT scan, revealing a reduced but persistent area of abnormal aeration (6% of right lung weight), although less radiologically dense than during the acute phase. This abnormality did not affect lung gas exchange (as indicated by the restored PaO 2 ), likely because the area involved was small and/or underperfused. The spontaneous evolution toward fibrosis is a valuable feature of the model because it resembles the spontaneous fibrotic evolution seen on long-term follow-up CT scans in acute lung injury survivors. 36, 37 In such patients, however, the fibrosis tended to involve the nondependent lung regions, which were normally aerated in the acute phases of the disease. On the contrary, in our model, the same regions were the site of the acute injury and of the fibrotic evolution. This discrep- The tables summarize the histologic injury scores for the right and left lungs for mice treated with endobronchial hydrochloric acid (HCl) and saline (NaCl) at different time points. Histologic analysis was performed by a semiquantitative scoring system (modified from Carraway et al. 17 ). An upper, mean, and caudal transversal section of right and left lung for each mouse was evaluated. Six findings were scored for severity and extent of injury. A mean score, expressed as the product of the extent and of the severity, for each finding, zone (upper, mean, caudal), and lung was obtained and is reported in each cell. n ϭ 4-6/group. * P Ͻ 0.05 vs. NaCl at the same time point.
ancy could be the result of a milder involvement of the whole lung (as opposed to what happens during acute lung injury) and of the absence of the noxious stimulus represented by mechanical ventilation. The determinants of evolution toward progressive fibrosis or alveolar recovery after acute lung injury are not entirely understood. Although our long-term injury model could be suitable to investigate the modulation of such a process, we do not provide insights on the mechanisms underlying the observed evolution toward fibrosis. Some studies have suggested a role of activated neutrophils in the scarring process 38 demonstrating that pulmonary fibrosis after lung challenging with fibrogenic and nonfibrogenic inflammatory stimuli correlated with duration of neutrophil activation. Moreover, the role of macrophages in the regulation of pulmonary fibrosis is still under investigation. Once activated, these two cell types can synthesize and release a variety of molecules (e.g., transforming growth factor ␣, tumor necrosis fac-tor ␤, platelet-derived growth factor, angiotensin II), which, in adjunction to the activation of the coagulation cascade, promote the fibroproliferative response after acute lung injury. 39 -44 Our study has some limitations that deserve discussion. Although we did not investigate the very early time frames, where a first inflammatory peak has been described, we were more focused on characterizing the evolution of this nonlethal model of acid inspiration, rather than assessing the well-established biphasic pattern of acid instillation. 7 We provide an evaluation of functional and morphologic characteristics of the 2-week sequelae of a unilateral acid instillation, which has not previously been reported except by Yano et al., 19 who only considered the collagen deposition in the lung, at 3 weeks. Moreover, we did not perform an interim analysis between the acute phase and the late one at 2 weeks. We did not perform any dose-response analysis or any evaluation of the effects of cumulative injuries. However, we used the dose and volume known to cause the largest injury associated with animal survival. 7 The potential interaction between mechanical ventilation and underlying pulmonary injury has been extensively reported. 45, 46 We did not explore this aspect because, in our study, mechanical ventilation was limited to maintain animals under anesthesia during the surgical procedure (approximately 10 min). Although we chose an anesthetic agent with a limited risk of interference, anesthesia too could affect the local and systemic response to lung injury. 47 The use of the small (as opposed to large) animals to develop this model has several advantages, but it might make the results less transferable to other species, including humans. For example, in our model as well as in other mouse models, AP evolution seems to proceed at a slower pace than in rats. 48 The reasons for this difference are not clear. Although they could be the result of a unilateral and selective (rather than diffuse to the whole lung) injury, they are possibly due to different time course or neutrophil dynamics between animal species. 49 The C stat values have been measured for the entire respiratory system and are not specifically referred to the injured lung; however, because in both groups the left lung was only marginally affected, the decrease in compliance observed is likely to reflect (and certainly underestimates) the mechanical impairment of the right lung. The radiologic findings we present were not obtained by a micro-CT scanner designed for small rodents; however, we consider the resolution of our scans as adequate (nominal 0.8 mm): the frequency histogram of CT numbers that we obtained is similar to that given by a micro CT scanner, 18 supporting the adequacy of the human scanner we used.
In conclusion, we characterized several aspects of a murine model of regional acid aspiration allowing longterm animal survival without the need for mechanical ventilation. Interestingly, despite the recovery of endothelial permeability, inflammatory cell infiltration, and gas exchange, at 2 weeks the injury persists, with the formation of a fibrotic scar, which explains the persistent derangement in lung compliance. This long-term, low-mortality model of acid aspiration seems suitable for the assessment of the effects of different therapies 49 -51 on lung injury and repair.
